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In modern heat pump systems, the heat exchangers use enhanced heat transfer surfaces for both air and refrigerant 
sides. In air conditioning applications, conventional 9.5 mm (3/8 inch) tube diameter fin-and-tube coils are slowly 
being replaced by microchannel heat exchangers. However, during heating mode the energy performance of heat 
pump systems with microchannel outdoor coils are generally lower than those of fin-and-tube direct-expansion 
evaporators due to a higher frequency of defrost cycles. A different approach might be to utilize fin-and-tube 
technology, which has proven records of excellent water drainage characteristics and good performance in frosting 
operating conditions, and enhance the air side heat transfer rates by introducing a larger number of small diameter 
copper tubes.  
In this paper, six fin-and-tube coils with copper tube diameter ranging from 5 mm (1/5 inch) to 7mm (8/29 inch) 
were experimentally investigated in frosting operating conditions. The laboratory experiments were conducted in an 
air flow wind tunnel at Oklahoma State University. Experimental data on heat transfer rate and air-side pressure 
drop across the coils were measured and the fin density and the tube diameter were varied in a parametric fashion 
during the experimental campaign. The performance of the fin-and-tube coils were also compared to those of a 
conventional 9.5 mm copper tube diameter fin-and-tube heat exchanger and of a microchannel heat exchanger that 
had similar air-side frontal area and at similar operating conditions of outdoor direct-expansion evaporators in heat 
pump systems for residential applications. The trends of the data during frosting operation suggested that reducing 
the tube diameter was beneficial for frosting performance at low fin density while was harmful at high fin density.  
The data showed that increasing the fin density increased the capacity but significantly reduced the time for heating 
service for the evaporator. Small copper tube diameter resulted in about 11% higher initial capacity at dry start 
conditions and about 4% higher average integrated capacity when considering the entire frost period. The data 
discussed in this paper serve as basis for future research on direct-expansion evaporators for air-source heat pump 




Concerns about energy security, the threat of climate change and the need to meet growing energy demand pose 
major challenges to energy decision makers (IEA, 2004, 2010). In 2009, the residential and commercial building 
sectors used 5.74x1012 kW-hr (19.6 quadrillion Btu) of delivered energy, that is 21 percent of total U.S. energy 
consumption. The residential sector for heating, ventilating, and air-conditioning (HVAC) alone accounted for 57 
percent of that energy use, leaving 43 percent for the commercial sector (EIA, 2011). It is of high priority for the 
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HVAC industry to address this critical energy challenge by improving the energy efficiencies for residential 
systems. Heat pump systems are used for cooling and heating of buildings all year round. . In air conditioning 
applications, conventional 9.5 mm (3/8 inch) tube diameter fin-and-tube coils are slowly being replaced by 
microchannel heat exchangers, which use flat multi port tubes and louvered fin design. These heat exchangers are 
usually made of Aluminium and in cooling mode the increase in heat transfer performance is well acknowledged. 
(Kim and Bullard, 2002; Kim and Groll, 2003b; Yun, 2006). During heating mode the energy performance of heat 
pump systems with microchannel outdoor coils are generally lower than those of fin-and-tube direct-expansion 
evaporators due to a higher frequency of defrost cycles. Defrost cycles are periodically executed in between the 
heating times to melt the ice, drain the water from the outdoor coil, and free its surface from accumulated frost 
before the heating service could start again. Faster frost growth and frequent defrost cycles ultimately limits the 
seasonal heating performance during winters. Previous studies showed that heat pumps with microchannel type 
outdoor evaporators defrost more often than fin-and-tube heat pump units, operating under similar conditions, and 
the overall heating seasonal performance factors are in most cases lower than conventional fin-and-tube heat 
exchangers (Kim and Groll, 2003a). Figure 1(a) shows a heat pump unit with direct-expansion microchannel 
evaporator adopted as outdoor coil in a residential heat pump unit. Frost build up is clearly visible and more defrost 
cycles were required to melt the frost and drain the water from the microchannel coil (Padhmanabhan et al., 2008). 
A different approach might be to utilize fin-and-tube technology, which has proven records of good water drainage 
and acceptable performance in frosting operating conditions, and enhance the air side heat transfer rate by adopting 
a large number of small diameter copper tubes. Small diameter copper tubes with microgrooves have been proposed 
as alternative technology to aluminum microchannel tubes for a 20 kW (68,000 Btu/he) condenser in recent work 
(Weed and Hipchen, 2011). Research focused mainly on the heat transfer characteristics (Huang et al., 2010) and 
application of small diameter copper tubes to air conditioning systems (Shunyi et al., 2010) but there is not data 
available on the performance of small diameter copper tubes when adopted in outdoor evaporators for heat pump 
systems. Figure 1(b) shows a 9.5mm tube diameter fin-and-tube heat exchanger working as outdoor coil in frosting 
conditions (Moallem et al., 2010b). Frost builds up from the tubes and gradually covered the surface of the coil. 
However, during the defrost cycle, water drainage was promoted by the vertical plate fins adopted in this 
technology.  
In this paper, six fin-and-tube coils with copper tube diameter ranging from 5 mm (1/5 inch) to 7 mm (8/29 inch) 
were experimentally investigated in frosting operating conditions. The laboratory experiments were conducted in an 
air flow wind tunnel at Oklahoma State University. Experimental data on heat transfer rate and air-side pressure 
drop across the coils were measured and the fin density and the tube diameter were varied in a parametric fashion 
during the experimental campaign. The performance of the fin-and-tube coils were also compared to those of a 
conventional 9.5 mm copper tube diameter fin-and-tube heat exchanger and of a microchannel that had similar air-
side frontal area and at similar operating conditions of outdoor direct-expansion evaporators in heat pump systems 
for residential applications. Ethylene Glycol 50/50 solution was used to simulate the refrigerant side, to control the 
coil surface temperatures, and to limit the effects due to refrigerant distribution.  Tests were conducted at heating 
performance rating conditions specified by the AHRI 210/240 standard.  
 
 
Figure 1: Outdoor coil under frosting operating conditions (a) microchannel heat exchanger (Padhmanabhan et al., 
2008) and (b) fin-and-tube heat exchanger (Moallem et al., 2010b) at AHRI H2 heating test conditions 
2. TEST METHODOLOGY 
 
The experiments were conducted in an air flow wind tunnel facility Oklahoma State University (OSU). The test coil 
was set inside a controlled low temperature wind tunnel facility, which is schematically shown in Figure 2(a).  The 
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low temperature wind tunnel consisted of a closed loop duct system containing a centrifugal fan, a large 
refrigeration coil, an electrical heater, turning vanes, nozzles for flow measurements, humidifiers, thermocouples, 
pressure reading tubes, and dew point meters. Air entered the test coil at 1.7 C dry bulb and 0.6 C wet bulb 
temperatures (35/33 F db/wb), which resulted in an entering relative humidity of about 82% during the frost 
experiments. The approaching air velocity is controlled by a variable speed fan and ranged from 0.7 to 1.5 m/s. 
These inlet conditions were controlled within a precision specified in the standard AHRI 210 for heat pump system 
performance rating (AHRI, 2010). Three ultrasonic humidifiers were installed at the top section inside the wind 
tunnel to guarantee sufficient time for mixing and to achieve the desired humidity in the air stream. The cooling load 
of the tunnel was met by a large refrigeration coil connected to a low temperature chiller. Air leaving the 
refrigeration coil was heated by a 1.4 kW variable power electrical heater, whose capacity was adjusted to accurately 
set the air temperature approaching the test coil. More details of the test facility, instrument accuracies, control 
tolerances, calibration and uncertainty analysis are provided in authors previous work (Moallem et al., 2010a; 
Moallem et al., 2012). 
 
Figure 2: Schematic of the test facility for performance tests on coils at frost operating conditions (a) and example 
of a micorchannel heat exchanger installed inside the air flow wind tunnel (b)  
Extra care was taken to improve the heat balance and minimize the effect of parasitic heat gains from the 
surroundings to the test coil. A dual concentric square duct tunnel was designed for this purpose, and it is shown in 
the bottom schematic of Figure 2(a). The flow nozzle and temperature sensors were mounted inside the inner tunnel. 
Sixteen calibrated T-Type copper constantan thermocouples (4×4 grid) were used to calculate the average air 
temperature and the air temperature uniformity at the front section and after the test coil. The air pressure drop 
across the coil was measured by a pressure difference transducer and air humidity was measured using two chilled 
mirror dew point meters before and after the coil test section. A secondary refrigeration loop was built to accurately 
set the conditions to the test coil. As an example, Figure 2(b) shows the microchannel coil installed inside the air 
flow wind tunnel. The tubes of the microchannel were vertical and the refrigerant flow was from bottom to top. For 
fin-and-tube heat exchangers, the copper tubes were horizontal (as shown in Figure 1(b)) and refrigerant flow was 
from one side of the heat exchanger to the other side in a single pass. A solution of water and Ethylene Glycol 50/50 
volume was circulated inside the test coil in order to control the surface temperature independently from the air-side 
temperatures and flow during the experiments. The single phase fluids allowed to minimize the effects due to 
refrigerant distribution inside the inlet heaters and to control the air-side surface temperature during frost growth. 
The inlet refrigerant temperature to the test coil in the range from -26 to 0 °C during the frosting tests and the 
temperature of entering refrigerant to the coil was controlled within ±0.3 °C. The entering refrigerant temperature 
was chosen as the main variable that characterizes the fin surface temperature. During each test it was stable and 
kept constant.  
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2.1 Heat Exchanger Specifications 
A sample of the heat exchangers used in this work are shown in Figure 3. All coils had similar front area of about 
0.305 m by 0.305 m (1 foot by 1 foot) and they were custom made to fit in the air flow wind tunnel. The fin-and-
tube coils (coils (a) to (c)) had one refrigerant pass and the tube were mechanically expanded in vertical plate fins. 
Coil (a) had a nominal tube diameter of 9.5 mm (3/8 inch)1, coil (b) had a nominal diameter of 7 mm (8/29 inch)1 
and coil (c) had a nominal tube diameter of 5 mm (1/5 inch)1. All tubes were made of copper and they were 
internally rifled for internal heat transfer enhancements, i.e., they were internally enhanced tubes. The fin density 
was characterized by the fin-per inch, FPI. Coil (a) had about 18 FPI1, referred throughout this paper as low FPI. 
Two sets of coils (b) and (c) were tested: the first set had low FPI while the second set had about 23 FPI1, which is 
referred throughout this paper as high FPI. The number of tubes and the tube spacing were adjusted as the tube 
diameter decreased in order to provide approximately the same flow area for the refrigerant side. Finally, Figure 3(d) 
shows a 1 row aluminium louvered fin microchannel heat exchanger with 271 vertical tubes. The coil was 25.4 mm1 
depth and had Aluminum folded fins. The fin density was about 20 FPI1. The microchannel coil was installed with 
the tube in vertical direction and the refrigerant circulated from the bottom to the top of the heat exchanger. The can 
of soda showed in Figure 3 provides an idea of the dimensions of the coils that were custom-made for this work. 
 
 
Figure 3: Custom made outdoor coils for frost performance evaluation: (a) 9.5mm1 tube fin-and-tube coil, (b) 7mm1 
tube fin-and-tube coil, (c) 5mm1 tube fin-and-tube coil, and (d) microchannel coil.  
 
2.2 Test procedures 
In the present study, 6 coils with same frontal area were experimentally tested inside the controlled low temperature 
air flow wind tunnel facility. The test coils, shown as component 5 in Figure 2(a), were exposed to controlled 
frosting conditions and cold ethylene glycol water solution was supplied to the coils to control their temperatures. 
The capacity of the coil was measured from the air side and from the refrigerant side as follow: 
Qሶ ୰ୣ୤ ൌ mሶ ୰ୣ୤ ∙ c୮ ∙ ∆T୰ୣ୤ (1) 
Qሶ ୟ୧୰ ൌ mሶ ୟ୧୰ ∙ c୮ ∙ ∆Tୟ୧୰ ൅ mሶ ୟ୧୰ ∙ hୱ୳ୠ ∙ ∆ωୟ୧୰ (2) 
Where mሶ ୟ୧୰, and mሶ ୰ୣ୤ are the air and refrigerant mass flow rates, ΔT is the air or refrigerant temperature difference 
between inlet and outlet temperatures, hୱ୳ୠ is the enthalpy of sublimation (ablimation) and ∆ωୟ୧୰ is the absolute 
humidity difference between air inlet and outlet. The air humidity was calculated from the measured dry bulb 
temperatures and dew point temperatures. The refrigerant temperature was measured using high accuracy RTDs 
installed in-line at the inlet and outlet connections of the coils. All data were recorded via Labview in real time 
during the experiments and stored in Excel files for data analysis and reduction. The frosting period was measured 
from the analysis of the data points in the files. The accuracy, calibration, and control tolerance of the 
instrumentation are summarized in (Moallem et al., 2010a). To evaluate the influence of each factor on frost 
formation on the coils, a series of experiments were conducted at various refrigerant conditions. All tests were 
conducted with the heat exchangers initially dry (except for specified wet tests). Air inlet temperatures and 
refrigerant flow rates were constant. The air flow rate was allowed to drop during the test by maintaining the fan at a 
                                                          
1These measurements were made at Oklahoma State University. They represent a small number of physical 
measurements and they were not given by the manufacturer. 
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constant speed (RPM) throughout the test. The coil face air velocity was set at the beginning of the test to about 1 
m/s and allowed to drop as the frost formed on the coil. The test was terminated when the face velocity reached 75% 
of its initial value. It should be emphasized that the testing protocol with constant fan speed during the frosting 
period was selected for our experiments because of the following reason. The air-side operating conditions during 
the frosting experiments were closer to the actual operating conditions of outdoor evaporators of heat pump systems. 
Coupling of fan with the outdoor evaporator is an inherent characteristic of this system and while one could argue 
that the data presented in this paper might be valid only for the fan chosen in the tests, the authors concluded that the 
relative comparison of the frosting performance among the four type of coils is independent on the fan 
characteristics. When frost grows the free flow area between two adjacent fins progressively decreases with time and 
the local air velocity in between the frosted fins might increase. If the air face velocity is set constant during a 
frosting test the local air velocity in between the frosted fins would increase significantly with respect to initial dry 
conditions. This would lead to an unrealistic scenario of operation for the coil and would alter the frost patterns and 
the degree of frost penetration into the depth of the coils.  The entering refrigerant temperature to the coils was 
varied during the experimental parametric study presented in this paper. For the fin-and-tube type entering 
refrigerant temperature was set to -18 C (0 F) and -23 C (-9 F). These values provided a fin surface temperature 
that range from -9 C (16 F) to -4 C (24 F), which is the typical range for the surface temperature of direct-
expansion evaporators in heat pump systems. The surface temperatures were calculated as the average initial 
temperature of the fins, and they were estimated from theoretical and numerical analysis (Padhmanabhan et al., 
2011). For the microchannel coil, the entering refrigerant temperature was -12 C (10 F) and -9 C (15 F), which 
led to similar fin surface temperatures. The different refrigerant temperatures for the microchannel coil were 
intentionally chosen in order to provide a comparison among the coil operating in close conditions as those of actual 
field. The surface temperature was controlled through the entire test by adjusting the refrigerant inlet temperature 
and refrigerant flow rate. To achieve dry start conditions each coil was exposed to room ambient temperature 
overnight. Then the air was brought to 1.7/0.6 C (35/33 F) db/wb temperature inside the wind tunnel in 4 to 5 
hours. Once the wind tunnel reached steady state conditions, the refrigerant valves were opened and ethylene glycol 
solution was circulated in the test coil immediately before starting the frost tests.  
 
2.3 Experimental Uncertainty 
The uncertainty in air volumetric flow rate was estimated to be within ±3%. This uncertainty depended on pressure 
transducers and nozzle dimensional tolerances (ASHRAE, 2001) and it was calculated based on the error 
propagation calculated based on Taylor series expansion theory (Taylor and Kuyatt, 1994). The air face velocity was 
calculated from the measured air flow rate divided by the frontal area of the coil, which was constant for all coils 
when they were installed inside the tunnel. The uncertainties for air db/wb temperatures, refrigerant temperature and 
flow rates are shown in Table 1. The uncertainty in total heat transfer rate was calculated to be within ±10% for the 
refrigerant side and around ±9% for the air side. The calibration of the instrumentation is demonstrated by a dry heat 
balance error of 5% and a wet and initial frost heat balance of 10%. Because of the transient nature of the 
experiments, the heat balance error was due to transient heat conduction effects, thermal mass storage effects, and 
frost densification effects. Furthermore, the chilled mirror dew point meters provided inherently uncertain 
measurements when near to frosting conditions and they might lag the actual reading of the water vapour removal 
from the air stream. 
 
3. RESULTS AND DISCUSSION 
 
A series of experiments were conducted at various entering refrigerant temperature (ERT). The ERT was about -23 
°C (-9 °F) and -18 °C (0 °F) for the fin-and-tube coils and -12 °C (10 °F), 9 °C (15 °F) for the microchannel coil, as 
indicated in summary of the frost experiments in Table 2.  All tests were conducted with the heat exchangers 
initially in dry surface conditions and at constant air temperature and constant refrigerant flow rate. For the air side, 
the fan had a constant RPM throughout the test. The coil face air velocity was set at the beginning of the test and 
then it dropped as the frost formed on the coil. The test was terminated when the face velocity reached 75% of its 
initial value. This method was preferred with respect to constant velocity tests because it provides conditions for 
frost growth closer to the actual application. Air volumetric flow rate was measured using a flow nozzle section and 
air face velocity was calculated from the frontal area of the coil, which was practically similar for all coils. The 
surface temperatures were calculated for initial dry conditions and the fin temperature decreased as frost increased 
on the coil. The surface temperature was estimated as an average temperature of the fins and it was calculated from 
theoretical and numerical analysis (Padhmanabhan et al., 2010). Lower ERT resulted in lower fin surface 
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temperature and the frost growth rate decreased when the fin temperature increased. The discussion of the 
experimental findings is organized in three sections: coil capacity, air side pressure drop, and air face velocity during 
frosting operating conditions.  
 
Table 1: Measurements devices, set points, accuracies and tolerances during the frosting test period 
Parameter measured Measuring device Calibration Set point / Range Accuracy. Control tolerance 
Air temp. (Dry bulb) Thermocouple (Grid)  and RTD In situ
a 1.67 °C (35 °F) 0.15°C ±0.56 °C 
Air temp. (Wet bulb) Chilled mirror  dew point meter Manufacturer 0.56 °C (33 °F) 0.2°C ±0.28 °C 
Fluid temp. RTD In situa -23, -18, -12, -9 °C(-9, 0, 10, 15 °F) 0.1°C ±0.25 °C 
Fluid mass flow rate Coriolis mass flow meter Manufacturer 
0.345 kg/s 
(2740 lbm/hr) 
±0.1% 0.0005 kg/s 
Air volumetric flow 
rate ASHRAE Nozzle In situ 
0.09  m³/s  
(200 cfm) ±2.3% NA 
Air press. Press. Transducer In situ 0 to 249 Pa  (0 to 1 inch wc) 2.5 (Pa) NA 
a NesLab Instruments Inc. constant temperature bath chiller model RTE-140 was used. 
 
3.1 Coil capacity 
Table 2 provides an overview of the test results and the coil (1), which is a standard fin-and-tube coil with 9.5 mm 
(3/8 inch) copper tubes; an ERT of -23 °C (-9 °F) was selected as baseline reference for the coil performance. The 
coil capacity in initial dry conditions was normalized to 1 and decreased to 0.89, that is, by -11%, at the end of the 
frost period. The frost period is reported in the last column of Table 2 in normalized form, and its value was 1 for the 
baseline coil. All other coils were compared to coil (1). For example, coil (3), which is a fin-and-tube coil at the 
same ETR but with 7 mm (8/29 inch) copper tube diameter, had an initial capacity of 0.99 times that for coil (1). 
The capacity reduced to 0.83 and the frost period decreased to about 0.72 when compared to the frost period of the 
baseline. This means that the frost period for coil (3) was shorter than for (1) by as much as 28% (i.e., (1 - 0.72)/1 = 
0.28). The average integrated coil capacity, Qሶ ௔௩௘, was numerically calculated as follows:  
 




Where  is the frost period, and Qሶ  is the instantaneous coil heat transfer capacity shown in Figure 4. The capacity 
was normalized with respect to the baseline fin-and-tube heat exchanger (coil (1) in Table 2). The average integrated 
capacity of coil (3) was 0.96, which was slightly lower than the baseline coil (1). This was due to the fact that the 
overall period of frost was shorter and the capacity reduced significantly during the frost period.  Figure 4 shows the 
instantaneous coil heat transfer capacity for all coils, plotted in normalized form versus time of run in minutes. 
Figure 4(a) shows the data for the standard fin-and-tube coil and microchannel heat exchanger at two ERTs. Figure 
4(b) shows the data for the 7mm diameter fin-and-tube coil and Figure 4(c) shows the data for the 5 mm diameter 
fin-and-tube coil at two ERTs. 
High initial capacities were generally associated with short frost periods because the frost quickly blocked the free 
flow area, reduced the air flow, and impaired the heat transfer exchange between the fins and the air stream. This 
behavior is clearly visibly in Figure 4(a). For a reduction of the air face velocity of 25%, that is from 1 to 0.75 m/s, 
the coil capacity decreased by 11 to 13% for the 9.5 mm fin-and-tube heat exchanger and by as much as 33% for the 
microchannel heat exchanger when compared to the corresponding initial capacity in dry-start conditions. While 
reducing the tube diameter from 9.5 mm to 7 mm did not have a significant effect on the coil capacity, a further 
reduction to 5 mm seemed to increase the initial capacity by 11% with respect to the baseline. The data for 5 mm 
tube diameter at high FPI (coils (9) and (10) in Table 2) were scattered but the average integrated capacity of this 
coil a low FPI (coils (7) and (8)) were slightly higher with respect to the baseline. The frost period was 6 to 12% 
longer and the average integrated capacity was up to 4% higher. This result is also shown in Figure 5, in which the 
average coil capacity is plotted versus the normalized frost period. The trends of the data during frosting operation 
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suggested that reducing the tube diameter was beneficial for frosting performance at low fin density (data points (7) 
and (8) for low FPI) while was harmful at high fin density.  While the frost period was shorter for the 7mm tube 
diameter coils, the 5mm tube diameter coil had higher capacity and longer frost period. In other word, the 5mm tube 
diameter at low FPI is positioned at the right and top side of the baseline in Figure 5 indicating slightly better 
performances in frosting operating conditions. Microchannel heat exchanger had higher capacity but its frost period 
was so short that the averaged integrated capacity ranged from 0.85 to 1.14 with respect to the baseline. The data at 
high capacity for the microchannel heat exchanger is the round point (coil (11)) located at about 0.54 of the frost 
period while the second data for the microchannel has capacity of 0.85 and the frost period was 7% longer (i.e., 
normalized frost period of 1.07 in Figure 5). It should be noticed that the uncertainty associated with the capacity 
measurements of coil (10) was fairly large, as indicated by the scattering of the data in Figure 4(c). One could argue 
that this scattering might also indicate that the data for (10) are not as reliable as those for the other coils. For this 
reason, the authors selected the data for coils (7) and (8) to be more representative of the performance for the 5mm 
diameter tube fin-and-tube heat exchanger during frosting operating conditions. Further research is required to study 
the impact on the frosting performance if the fin density is augmented for the case of coil (10), that is, for the case of 
very small 5 mm copper tube diameters coils. 
 
Table 2: Summary of the frost experiments for the fin-and-tube (F&T) and microchannel coils 












[ - ]  
Initial  
[ - ] 
Final 
[ - ]  
(1) 9.5 mm F&T @ ERT=-23 °C (-9 °F) 1 0.89 -11 1.0 1.0 
(2) 9.5 mm F&T @ ERT=-18 °C (0 °F) 0.79 0.68 -13 0.79 1.78 
(3) 7 mm F&T (Low FPI) @ ERT= -23 °C (-9 °F) 0.99 0.83 -16 0.96 0.72 
(4) 7 mm F&T (Low FPI)@ ERT= -18 °C (0 °F) 0.79 0.65 -17 0.77 0.87 
(5) 7 mm F&T (High FPI) @ ERT= -23 °C (-9 °F) 1.02 0.84 -17 0.99 0.55 
(6) 7 mm F&T (High FPI)@ ERT=-18 °C (0 °F) 0.82 0.66 -19 0.79 0.78 
(7) 5 mm F&T (Low FPI) @ ERT=-23 °C (-9 °F) 1.07 0.92 -14 1.01 1.06 
(8) 5 mm F&T (Low FPI)@ ERT=-18 °C (0 °F) 1.02 0.96 -6 1.04 1.12 
(9) 5 mm F&T (High FPI) @ ERT=-23 °C (-9 °F) 1.11 0.89 -20 1.08 0.49 
(10) 5 mm F&T (High FPI)@ ERT=-18 °C (0 °F) 0.86 0.67 -22 0.83 0.82 
(11) Microchannel (Med FPI) @ ERT=-12 °C (10 °F) 1.34 0.93 -31 1.14 0.54 
(12) Microchannel (Med FPI) @ ERT=-9 °C (15 °F) 1.04 0.70 -33 0.85 1.07 
 
3.2 Air side pressure drop 
The hydraulic performance of the coils in frosting operating conditions was estimated from the air-side pressure 
drop across the coils. The data were normalized with respect to the baseline coil (1) and they are showed in Figure 6. 
Figure 6(a) shows the data for the standard fin-and-tube coil and microchannel heat exchanger at two ERTs. Figure 
6 (b) shows the data for the 7 mm diameter fin-and-tube coil and Figure 6 (c) shows the data for the 5 mm diameter 
fin-and-tube coil at two ERTs. The pressure drop for microchannel heat exchanger had a much steeper profile during 
the frost period. Tests (11) and (12) in Figure 6(a) show this behaviour. The discontinuities of the data for test (11) 
are due to the fact that the test was temporarily paused to sample the frost weight. In other words, the discontinuities 
of the curve (11) in Figure 6(a) and of the curve (9) in Figure 6(c) were caused by the frost weight sampling. The 
frost period was altered by 1 to 2 minutes due to these frost weight samplings, which was considered small 
compared to the total frost period. The initial pressure drop in dry start conditions was higher for microchannel 
compared to 9.5 mm tube fin-and-tube heat exchanger. This was expected because of the compactness of the air-side 
heat transfer surface for the microchannel coil. While the initial pressure drop for the 7 mm tube was practically the 
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same as the 9.5 mm tube (see dashed horizontal line in Figure 6 (b)), the pressure drop for the 5 mm tube was lower. 
The difference between low FPI and high FPI in Figure 6 (c) was due to the experimental uncertainty of the pressure 
drop measurements and due to the control of the initial air flow rate set at the beginning of the test period. However, 
all curves of pressure drop (7) to (10) seems to start from a normalized pressure drop that was lower that the 
horizontal dashed line, which represent the initial normalized pressure drop for the baseline 9.5 mm fin-and-tube 
coil. This might be due to the dynamic fluid flow characteristics for the small tube case but further investigation are 
required to explain this phenomena in future work.  
 
 
Figure 4: Coil capacity (normalized w.r.t. 9.5 mm F&T case) vs frost time (in minutes) for (a) 9.5 mm F&T and 
microchannel; (b) 7 mm tube and (c) 5mm tube (no. in parenthesis () refer to coil type and test number of Table 2)) 
 
 
Figure 5: Average integrated capacity (normalized w.r.t. 9.5 mm F&T case) vs normalized frost time (numbers in 
parenthesis in the legend ( ) refer to coil type and test number of Table 2) 
 
 
Figure 6: Air-side pressure drop across the evaporator during frosting operating capacity (normalized w.r.t. 9.5 mm 
F&T case) vs frost time (in minutes) for (a) 9.5 mm F&T and microchannel; (b) 7 mm tube and (c) 5 mm tube 
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3.3 Air face velocity 
The hydraulic performances of the coils in frosting operating conditions were also assessed by measuring the air 
face velocity entering the heat exchangers during the frost periods. The experimental data are shown in Figure 7: (a) 
shows the data for the standard fin-and-tube coil and microchannel heat exchanger at two ERTs; (b) shows the data 
for the 7 mm diameter fin-and-tube coil and (c) shows the data for the 5 mm diameter fin-and-tube coil at two ERTs. 
The profiles of the air face velocities were normalized with respect to the baseline coil (1) and they practically 
mirrored the data of the air-side pressure drops. However, a peculiar behaviour could be observed if one takes a 
closer look at these data. While the air velocity started to decrease immediately for the 7 mm tube fin-and-tube coil 
(see Figure 7(b)) and for the microchannel coil (see tests (11) and (12) in Figure 7(a)), a delay was observed for the 
5mm tube fin-and-tube coil (see Figure 7(c)). This delay was also observed for the 9.5mm tube as shown by the tests 
(1) and (2) in Figure 7(a). During the first 2 to 5 minutes of the frost test, the barrier created by the frost build up on 
the fin and tube heat transfer surface was so low that its effects on the air velocity was not measurable with the test 
set up used in this work. On the other hand, as soon as the frost started to accumulate on the fin and tube heat 
transfer surfaces of the 7mm fin-and-tube heat exchanger and of the microchannel heat exchanger, the air velocity 
immediately decreased and then continued to drop at a fairly high rate. The delay time before the air velocity started 
to decreased extended the overall frost period and thus it was beneficial to increase the performance of the 5 mm 
tube fin-and-tube coil in frosting operating conditions.  
 
 
Figure 7: Air velocity during frosting tests (velocity is normalized w.r.t. 9.5mm F&T case) vs frost time for (a) 9.5 
mm F&T and microchannel; (b) 7 mm tube and (c) 5 mm tube (no. in parenthesis () refer to coil type and test 




This study experimentally investigates frost performance of fin-and-tube heat exchanger with nominal copper tube 
diameters of 9.5 mm (3/8 inch), 7 mm (8/29 inch), and 5 mm (1/5 inch). The data of the coil thermal and 
hydraulic performance were compared with those of a microchannel heat exchanger with similar air side frontal 
area. Experimental data on heat transfer rate and air-side pressure drop across the coils were measured and the fin 
density and the tube diameter were varied in a parametric fashion during the experimental campaign. All coils were 
studied at operating conditions that replicate those of outdoor direct-expansion evaporators in heat pump systems for 
residential applications. The trends of the data during frosting operation suggested that reducing the tube diameter 
was beneficial for frosting performance at low fin density while was harmful at high fin density.  The data showed 
that increasing the fin density increased the capacity but significantly reduced the time for heating service for the 
evaporator. Small copper tube diameter resulted in about 11% higher initial capacity at dry start conditions and 
about 4% higher average integrated capacity with respect to 9.5 mm tube diameter fin-and-tube heat exchanger 
when considering the entire frost period. Microchannel coil had the highest initial capacity but the degradation of the 
coil capacity was fairly quick due to rapid frost build up. The 5 mm copper tube diameter fin-and-tube heat 
exchangers maintained good average capacity during the entire frost period and also extended the frost period by as 
much as 12%. These characteristics are beneficial for direct-expansion evaporators in air-source heat pump 
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